classical dimensional analysis of air entrainment is incomplete, while they would imply scales effects in terms of air entrainment for small laboratory studies with wave height at breaking less than 0.3 m.
INTRODUCTION
The aeration of the ocean is an important process for the mass exchange of nitrogen, oxygen, and carbon dioxide between the atmosphere and the ocean. During storm events or for large wind speeds, wave breaking with extensive air bubble entrainment occurs. Large numbers of bubbles are entrained as shown by COLES (1967) , DEANE and STOKES (2002) , LIN and HWUNG (1992) , LONGUET-HIGGINS (1988), and MELVILLE and RAPP (1985) . WALLACE and WIRICK (1992) observed that breaking waves can increase the rate of aeration by up to 200 times because of the entrainment of numerous air bubbles and the drastic increase in air-water interface area available for mass transfer. Although there are several types of breaking waves (e.g., POND and PICKARD, 1993; SAWARAGI, 1995) , plunging breakers have a much greater potential for air bubble entrainment (HWUNG, CHYAN, and CHUNG, 1992) . Plunging breaking waves entrain a large amount of air when the top of the wave forms a water jet projecting ahead of the wave face and impacts the water free surface in front of the wave (Figure 1 ).
Some researchers investigated air entrainment at plunging breaker using laboratory experiments of nappes and waterfalls, whereas others applied an analogy between plunging jet flows and plunging breakers: e.g., CHANSON, AOKI, and MARUYAMA, (2002); CHANSON and CUMMINGS, (1994) ; CHANSON and LEE, (1997); GRIFFIN, (1984) ; HUBBARD, GRIF- FIN, and PELTZER, (1987) ; KOGA (1982) , Table 1 . The analogy DOI:10.2112 /03-0112.1 received 16 June 2004 accepted in revision 25 June 2004. might be valid during the first seconds of wave breaking. Air bubble entrainment at steady plunging jet takes place when the jet impact velocity exceeds a critical velocity V e , which is a function of the inflow conditions (e.g., CUMMINGS and CHANSON, 1999; MCKEOGH, 1978) . The mechanisms of bubble entrainment depend upon the jet velocity at impact, the physical properties of fluid, the jet nozzle design, the length of free-falling jet, and the jet turbulence. Basic reviews (BIN, 1993; CHANSON, 1997) highlighted the lack of information on the entrained bubble size distributions. Further, physical modeling of plunging jet flows remains subject to scaling effects, which have not been properly explained.
Steady plunging jet results obtained in laboratory with freshwater may not be representative of full-scale wave breaking, and there have been suggestions that air entrainment at breaking waves in the sea might be an entirely different process. For example, the prototype scale is significantly larger than laboratory experiments (e.g., Figure 1a and b), and fluid properties differ between freshwater and seawater. Past studies often relied upon photographic and video techniques that are restricted to low air volume fractions (Table 1). Recently, acoustic techniques were introduced (e.g., DEANE, 1997; KOLAINI, 1998; PHELPS and LEIGHTON, 1998) , but the transformation from acoustic signature to bubble sizes must account for turbulent shear and interactions between bubbles of different sizes (CHANSON and MANASSEH, 2003) .
The present study investigates air entrainment characteristics of vertical circular plunging jets with a phase-detection intrusive probe and a combination of water solutions: i.e., freshwater, seawater, and salty freshwater. Systematic mea- surements of air-water flow characteristics were performed for a range of flow situations including those with large void fractions (up to 45%). The study is focused on inception conditions for air entrainment, air entrainment rate, bubble production rate, and bubble chord sizes. Applications are discussed, including scale effects in terms of air entrainment.
Similitude and Dimensional Analysis
Analytical and numerical studies of air entrapment and diffusion processes at impinging jets ( Figure 2 ) are complex because of the large number of relevant equations. Experimental investigations are often preferred although the selection of an adequate similitude is critical. Considering the simple steady, vertical, circular plunging jet, a simplified dimensional analysis yields a relation between the air-water flow properties beneath the free surface, the fluid properties and physical constants, flow geometry, and impingement flow properties:
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where C is the void fraction, F is the bubble count rate, V is the velocity, g is the gravity acceleration, d 1 is the jet diameter at impact, uЈ is a characteristic turbulent velocity, V 1 is the jet impact velocity, d ab is a characteristic size of entrained bubble, x is the coordinate in the flow direction measured from the nozzle, x 1 is the free-jet length, r is the radial coordinate, w and w are the water density and dynamic viscosity respectively; is the surface tension between air and water, and is a characteristic turbulent velocity at im-′ u 1 pingement (Figure 2 ). In Equation (1), the fourth and fifth terms are the inflow Froude and Weber numbers respectively, whereas the seventh term is the Morton number. In addition, biochemical properties of the water solution may be considered.
Equation (1) demonstrates that dynamic similarity of air bubble entrainment at plunging jets is impossible with geometrically similar models because of the large number of relevant dimensionless parameters. In free-surface flows and wave motion, most laboratory studies are based upon a Froude similitude (e.g., CHANSON, 1999; HENDERSON, 1966; HUGHES, 1993) , whereas the entrapment of air bubbles and the mechanisms of air bubble breakup and coalescence are dominated by surface tension effects, implying the need for a Weber similitude. For geometrically-similar models, Froude and Weber similarities cannot be satisfied simultaneously. In turn, this may lead to some scale effects (e.g., CHANSON, 1997; KOBUS, 1984; WOOD 1991) .
Comparative studies of bubble entrainment in freshwater and seawater are scarce. Table 1 lists few bubbly flow studies. Some considered the size of bubbles produced by a frit, showing that bubble coalescence was drastically reduced in saltwater compared to freshwater experiments. Similar trends were recorded during wave flume and tilting bucket experiments, although most works used visual observations requiring very low void fraction flow conditions (Table 1) .
In the present study, the developing flow region of plunging jets was investigated on the basis of a Froude similitude, and identical experiments were repeated with freshwater, seawater, and salty freshwater. The developing flow was dominated by turbulent shear and momentum exchange between the jet core and the surrounding fluid, and it is believed that bubble breakup was a dominant process.
EXPERIMENTAL METHODS

Experimental Channel
New experiments with circular vertical plunging jet flows were conducted in a 0.10-m-wide, 0.75-m-deep, and 2-m-long flume (Table 2, Figure 2 ). The nozzle was sharp-edged, being machined with an accuracy less than 0.1 mm and the water was supplied by a straight circular vertical polyvinyl chloride pipe. Two nozzle sizes were tested: d o ϭ 12.5 and 6.83 mm, although the bulk of the experiments were conducted with the largest nozzle ( Table 2 ). The two jet configurations (d o ϭ 12.5 & 6.83 mm) were designed to be geometrically similar, on the basis of a Froude similitude with undistorted scale, with the earlier experiments of CHANSON and MANASSEH (2003) . The 12.5-mm-diameter nozzle jets were half the size of CHANSON and MA-NASSEH's configurations and the smallest diameter jets (series A2) were 3.7 times smaller. Similar experiments were conducted for nearly-identical inflow Froude numbers Fr 1 ϭ V 1 /͙gd 1 where V 1 is the jet impact velocity, g is the gravity constant, and d 1 is the jet diameter at impingement (Table  2 ). Measurements were performed at similar cross-sections (x Ϫ x 1 )/r 1 where x is the longitudinal coordinate, x 1 is the free jet length, and r 1 is the jet impact radius (i.e., r 1 ϭ d 1 /2).
Experiments were conducted at ambient conditions with three water solutions: i.e., freshwater, seawater, and salty freshwater ( Table 3 ). The water temperature was between 14 and 18 Celsius typically. In experiments series A1 and A2, tap water was used. Series B experiments were performed with seawater collected off the breakers by a group of surfers Tap water: ϭ 0.055 N/m. Inflow pipe: 3.5 m long, 0.054 m diameter
Notes: x 1 ϭ longitudinal distance between the nozzle and the free-surface pool; V e ϭ measured onset velocity of air entrainment; ϭ measured surface tension between air and water. on the Enshu coast (Pacific Ocean, Japan). The collected waters were transparent and coarse suspended sediment material was filtered before experiment. Seawater was used immediately after collection without further treatment or sterilization. Experiments were conducted within 60 hours of collection to minimize any significant change in plankton population. Series C experiments were conducted with salty freshwater, herein called saltwater. The saltwater solution was made of tap water plus 3.45% per weight of sodium chloride (NaCl) with a 99.5% quality. The concentrations of magnesium, sulfate, potassium, and calcium in solution were less than 0.69 parts per million (ppm), 0.69 ppm, 1.72 ppm, and 0.69 ppm, respectively. Further details on the experimental facilities and results were reported by CHANSON, AOKI, and HOQUE (2002) .
Instrumentation
The flow rate was measured with a volume per time technique. The error on the discharge measurement was less than 2%. Air-water flow properties were measured with a phase detection intrusive probe: a single-tip Kanomax System 7931 resistivity probe (inner electrode Ø ϭ 0.1 mm, needle probe design, Figure 3a) . The electronics had a response time less than 30 seconds The void fraction and bubble count rate were calculated by analog integration during 5 minutes in series A1 and A2. With seawater (series B) and salty freshwater (series C), probe contamination was experienced and the analog signal was integrated for 40 seconds only. Raw probe outputs were recorded at 25 kHz for 2.6 seconds to calculate bubble chord time distributions for all water solutions. Conductivity probe measurements were taken on the jet diameter through the center line. The displacement of the probes in the flow direction and direction normal to the jet support was controlled by fine adjustment traveling mechanisms. The error in the probe position was less than 0.2 mm in each direction. Additional measurements were performed using high-speed photographs and movies.
Physical properties of tap water, seawater, and salty freshwater were measured in the Mechanical Engineering Department (Toyohashi University of Technology). Water density was measured with a Nagashima Standard Hydrometer GI-0361-11. Dynamic viscosity was measured with a cone and plate viscosimeter Toki RE80 operated at controlled temperature. Kinematic viscosity was measured with a capillary master viscosimeter Shibata SU-898 (model SU-93309). Surface tension was recorded using a surface wave method (e.g., IINO et al., 1985) .
Measured physical properties of the water solutions are summarized in Table 3 . The results are consistent with those reported by RILEY and SKIRROW (1965) . Note that seawater properties were recorded both before and after each experiment without obvious difference. Overall density, viscosity, and surface tension differed little between water solutions and the dimensionless liquid parameter (i.e., Morton number) ranged from 3.5E-7 to 5.5E-7 (Table 3 , last row).
Data Processing
The measurement principle of conductivity probes is based upon the difference in electrical resistivity between air and water. Typical probe signals are shown in Figure 3b in which the water voltage is about ϩ0.2 V and ϩ0.85 V for freshwater and seawater/saltwater respectively. Each steep rise in voltage corresponds to an air bubble pierced by the probe tip. Although the signal is theoretically rectangular, the probe response is not square because of the finite size of the tip, the wetting/drying time of the interface covering the tip, and the response time of the probe and electronics. The air concentration or void fraction C is the proportion of time that the probe tip is in the air. The bubble count rate F is the number of bubbles impacting the probe tip. In Figure 3b , freshwater probe outputs show a cutoff at 6 V. Although the gain could be set at a lower value to avoid cutoff, all experiments were conducted with the same electronics gain.
The bubble chord time is defined as the time spent by the bubble on the probe tip. Bubble chord time distributions were calculated from the raw probe signal scanned at 25 kHz for 2.6 seconds at eight different locations, per cross-section, selected next to the location of maximum void fraction and maximum bubble count rate. The results will be presented in terms of pseudobubble chord length ch ab defined as:
where t ch is the bubble chord time and V 1 is the jet impingement velocity. Equation (2) was compared with measured chord size distributions by CHANSON and BRATTBERG (1996) and CUMMINGS and CHANSON (1997) . The comparison showed that Equation (2) predicts the exact shape of bubble chord probability distribution functions, although it overestimates chord sizes by about 10% to 30% (CHANSON, AOKI, and HOQUE, 2002).
Air-Water Measurement Accuracy and Performance
The single-tip probe design ( Figure 3a ) is a robust measurement device in highly turbulent flows with large void fractions (e.g., CHANSON, 1997; CROWE, SOMMERFIELD, and TSUJI, 1998) . In the present study, the data accuracy was typically ⌬C/C less than 2% for void fractions above 2% and velocities larger than 0.5 m/s. The smallest detectable chord length size was 0.1 mm for the investigated flow conditions (i.e., V ϳ 1.8 to 3.4 m/s). The accuracy on bubble count rate is a function of the bubble size distributions. In the present study, the mean bubble chord size was about one order of magnitude greater than the probe sensors and the accuracy on bubble count rate was about ⌬F/F less than 5%.
Although seawater is about 500 times more conductive than tap water (Table 3) , the output of resistivity probe system was about 4 to 10 times smaller in seawater than the freshwater probe output. For example, in Figure 3b the electronics gain was identical in all cases. Contamination of the probe sensor was observed after 2-3 hours of continuous operation in seawater (series B). In some cases, the probe tip was cleaned by placing the probe in a bubbly column of freshwater for 5-10 minutes. In most severe situations, the probe tip and holder had to be cleaned with pure alcohol, and recalibration of the electronics was conducted in a bubbly column of freshwater with known void fractions. (No such con- tamination was experienced in salty freshwater nor in freshwater.)
Although it is conceivable that the small air-water voltage range observed in seawater could lead to greater data error than in freshwater, preliminary tests were conducted in a bubbly seawater column of known void fractions. Millimetric bubbles were properly accounted for and void fraction measurements were accurate within the probe accuracy. Tests in plunging jet flows highlighted also that bubbles smaller than 0.1 mm were detected in seawater when the electronics setup was optimum.
BASIC AIR-WATER FLOW PROPERTIES Bubbly Flow Patterns
At the impact of a plunging jet with a receiving pool, air bubbles may be entrained if the impact velocity V 1 exceeds a threshold velocity V e , called onset velocity. Present results are summarized in Table 2 (column 5) for which ''onset'' was defined when between one and three bubbles were entrained during a 3-minute period in absence of bubbles in the plunge pool. Although inception of air bubble entrainment is not a precise condition, freshwater data were consistent with the observations of MCKEOGH (1978) For all flow conditions, the free jet was transparent up to impingement. For a jet impact velocity slightly greater than the onset velocity, individual air bubble entrainment was observed. Most entrained bubbles were small, with diameter less than 0.5 to 1 mm. For larger jet velocities, air pockets were entrained at impingement by stretching and breakup of an air cavity. Visual observations showed predominantly entrained bubble sizes between 0.5 and 5 mm. At the largest speeds, most air was entrained by elongation, stretching, and breakup of the cavity: e.g., BONETTO and LAHEY (1993) , CHANSON (1997) (Figure 2, right) .
When identical experiments were repeated with different water solutions, visual differences were consistently observed. In freshwater (series A1 & A2), the downward bubbly flow region was clearly defined and surrounded by a swarm of rising bubbles. The flume waters appeared clear and transparent away from the plunging jet flow. Seawater experiments (series B) appeared to entrain finer bubbles than freshwater plunging jets, particularly for the largest inflow Froude numbers (i.e., Fr 1 Ͼ 8). Although the writers recorded the entrainment of both millimetric and submillimetric bubbles (see below), a large number of tiny bubbles (sizes less than 0.5 mm) were seen in the entire flume. These fine bubbles were strongly affected by large recirculation eddies and their rise velocity appeared very small. They gave a visual, misleading appearance to the flow. Figure 4 shows entrained bubbles about 2 seconds after the start of the pumps. The plunging jet is on the right. On the left, the channel is transparent, but a cloud of fine bubbles is seen propagating from the bubbly flow region toward the left end of the flume. When the pumps were stopped after a seawater experiment, fine bubbles would take up to a few minutes to rise to the free surface. The flume waters regained a clear, transparent appearance after about 2 to 5 minutes.
In saltwater (series C), visual observations suggested a lesser presence of fine bubbles than during seawater experiments. The trend was consistent with chord size measurements (see below).
Void Fraction and Bubble Count Rate Distributions
Void fraction and bubble count rate measurements were conducted in the developing flow region: i.e., for (x Ϫ x 1 )/r 1 Ͻ 5. The experimental profiles traversed the full width of the developing flow region and were shown to emphasize symmetry. Consequently an apparently negative radius appears on the Figures.
In the developing flow region, the distributions of void fraction exhibited smooth, derivative profiles ( Figure 5 ). Figure  5 presents freshwater, seawater, and saltwater data for an impact Froude number Fr 1 ϭ 9 at three vertical locations (x Ϫ x 1 )/r 1 . In each case, void fraction data illustrated the advective diffusion of entrained air associated with a quasi-exponential decay of the maximum air content with longitudinal distance from impingement and a broadening of the air diffusion layer. For all the experiments and jet geometry, the data were fitted by a simple analytical solution of the advective diffusion equation for air bubbles:
where Q w is the water flow rate, Q air is the air flux, r is the radial distance, D # is a dimensionless air bubble diffusivity, ϭ r(C ϭ C max ), and I 0 is the modified Bessel function of Y Cmax the first kind of order zero (CHANSON, 1997) . Q air /Q w and D # were deduced from the best fit of the data. Equation (3) is compared with void fraction data in Figure 5 .
Distributions of bubble count rates were also recorded (Figure 5) Table 4 (columns 6 and 7). For identical inflow conditions, results in seawater (series B) and saltwater (series C) showed smaller maximum void fractions than in freshwater for identical jet diameter (series A1), although the locations of maximum void fractions appeared unaffected by the type of water solutions.
Discussion
Identical experiments with different water solutions showed consistently greater void factions in freshwater than in seawater and saltwater. For example, compare Figure 5a (freshwater), 5b (seawater), and 5c (salty freshwater). The smallest void fractions were recorded in seawater and intermediate void fractions were seen in salty freshwater. Freshwater data exhibited the largest void fractions, hence the largest quantity of entrained air. The trend was consistent with maximum void fraction data shown in Table 4 (column 5). Bubble production rates in seawater were also consistently lower than those recorded in freshwater for identical inflow conditions ( Figure 5 and Table 4 , column 7). Saltwater results showed a trend comparable to freshwater results. Basic differences between saltwater and seawater, including lesser air entrainment in seawater, cannot be explained by differences in fluid density, salinity, viscosity, nor surface tension (Table  3) . Instead it is hypothesized that organic matter, biochemicals, and surfactants harden the induction trumpet, sketched in Figure 2 , and diminish air entrapment at impingement in seawater. Chord time results (see below) indicated a similar trend with lesser large-size bubbles being entrained in seawater than in freshwater.
In freshwater, a comparison between series A1 and A2, and the data of CHANSON and MANASSEH (2003) showed little differences between series A1 (d o ϭ 12.5 mm) and CHANSON and MANASSEH's results (d o ϭ 25 mm) for similar inflow conditions. However, significantly less entrained air was observed in the smallest plunging jet (series A2, d o ϭ 6.8 mm) for all investigated flow conditions (Table 2) , for example, columns 5 and 7 in Table 4 . The results suggest that physical modeling of the air entrainment process, based upon a Froude similitude, is affected by major scale effects for
DISTRIBUTIONS OF BUBBLE CHORD SIZES
Observations of Pseudobubble Chord Size Distributions
Pseudobubble chord distribution results are shown in Figures 6 and 7. In Figure 6 , each figure shows the normalized probability distribution function of chord length ch ab where the histogram columns represent the probability of chord length in 0.5-mm intervals: e.g., the probability of chord length from 2.0 to 2.5 mm is represented by the column labeled 2.0. The last column (i.e., Ͼ10) indicates the probability of chord lengths exceeding 10 mm. Statistical properties of chord size distributions are summarized in Table 5 . Means, standard deviations, skewness, and kurtosis of pseudobubble chord sizes are given in columns 4 to 7. Columns 8 to 11 list the means, standard deviations, skewness, and kurtosis of pseudowater chord sizes. For all water solutions and investigated inflow conditions, the data demonstrated the broad spectrum of pseudobubble chord lengths at each cross-section: i.e., from Ͻ0.5 mm to Ͼ10 mm ( Figure 6 ). The bubble chord length distributions were skewed with a preponderance of small bubble chord sizes relative to the mean and they followed closely a log-normal distribution. The probability of bubble chord length was the largest for bubble chord sizes between 0 and 2 mm, although the mean pseudochord size was about 3 to 7 mm (Table 5, column 4). The trends were emphasized by positive skewness and large kurtosis (Table 4 , columns 7 and 8).
First, the results highlight that the mean bubble chords were millimetric for all water solutions. The finding contradicts suggestions that submillimetric and micron-metric sizes are predominant at breaking waves in the sea, and the finding is consistent with field observations by ORRIS and NICH-OLAS (2000) under controlled flow conditions. Present experiments were conducted with a robust measurement technique well-suited for large void fractions. The results cannot be dismissed. Second, there was a large fraction of bubbles larger than 10 mm next to the impingement perimeter (i.e., x Ϫ x 1 )/ r 1 ϭ 1.6 or x Ϫ x 1 ϭ 10 mm, Figure 6 ) and the mean pseudobubble chord sizes decreased with increasing distance (x Ϫ x 1 ) for given flow conditions (Figure 7) . The result implied the entrainment of large air entities that were subsequently broken up by turbulent shear. The trend was identical for all water solutions (Figure 7) , suggesting a similar bubble breakup process. Third, at a given cross-section, the mean chord size increased with increasing jet velocity for a given water solution (Table 5 ). The trend was consistent with earlier twodimensional plunging jet observations (e.g., CUMMINGS and CHANSON 1997b) . Figure 6a , b, and c present pseudobubble chord length distributions for identical inflow conditions with freshwater, seawater, and saltwater, respectively. In seawater, the typical pseudobubble chord size was millimetric, with mean chord sizes of about 3 to 6 mm. For example, 75% of entrained bubbles in seawater have a pseudochord length Ͼ1 mm in Figure  6b (series B). Seawater plunging jet flows contained, comparatively, a greater number of fine bubbles than freshwater plunging jet flows for identical inflow conditions. This was caused possibly by the combination of lesser entrainment of large-size bubbles, greater entrapment of fine bubbles, and lesser bubble coalescence in seawater. Chord size distributions in seawater and saltwater were reasonably close for identical inflow conditions and cross-section locations, although, in saltwater, the probability of bubble chord lengths appeared to be the largest for bubble chord sizes between 0 and 0.5 mm. Figure 7 shows further comparative results for identical inflow conditions (x 1 /d o ϭ 4, Fr 1 ϭ 9) and three water solutions. In Figure 7 , each symbol represents the normalized (1)
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Std, mm probability to find chord length ch ab in 0.1-mm intervals. Results for chords larger than 3 mm are not shown for clarity. Present bubble size measurements highlighted similar trends as bubble size observations by KOLAINI (1998) and ORRIS and NICHOLAS (2000) . First, we observed a drastically lesser number of bubble chords smaller than 0.6 and 0.3 mm in freshwater and seawater, respectively ( Figure 7) . Second, the data showed that the probability of pseudochord length was the greatest around 1.3 mm in freshwater and around 0.5 mm in seawater and saltwater, whereas the difference in bubble chord size distributions was small between seawater and saltwater. The results were seen also next to the impingement point (i.e., x Ϫ x 1 ϭ 10 mm, Figure 7a ), implying that drastic differences in air entrapment at the plunge point between freshwater and seawater may have a dominant role.
Streamwise Distributions of Air Bubbles
The streamwise distributions of air and water chords provide information on the spatial distribution of bubbles and the existence of clusters of bubbles. In a cluster, the bubbles are close together and the packet is surrounded by a sizeable volume of water (Figure 8 ). Figure 8 presents two examples of bubbly flow without and with cluster structures. The existence of bubble clusters may be related to breakup, coalescence, bubble wake interference, and to other processes. As the bubble response time is significantly smaller than the characteristic time of the flow, it is believed that bubble trapping in large-scale turbulent structures is a dominant clustering mechanism in the developing flow region of plunging jets.
Experimental results (Appendix 1) showed consistently a fair proportion of bubbles traveling as part of cluster structures: i.e., about 20% of detected bubbles were parts of a cluster structure. Further results are summarized in Table 6 in terms of bubble numbers per cluster structure for three water solutions with identical inflow conditions. They showed that about 80% of all clusters consisted of two particles only (Table  6 ). The distributions of bubble number per cluster were basically identical in freshwater and saltwater. In seawater, a slightly smaller number of large clusters (four bubbles or more) were observed. It must be noted that this analysis was conducted along a streamline and did not consider bubbles traveling side by side as being a cluster.
The fair proportion of cluster structures may suggest that large-scale vortical structures play a major role in bubble dispersion in plunging jet flow. The small number of bubbles per cluster might indicate further that dominant vortical structures have a size of about one jet diameter to encompass two to three bubbles. Larger structures may exist but with lesser vortical strength, leading to weaker bubble trapping.
DISCUSSION
Comparison between Seawater and Saltwater Results
Seawater results showed consistently lesser air entrainment than in saltwater for identical inflow conditions. A comparison between freshwater (series A1) and saltwater (series C) data for one inflow Froude number showed slightly less entrained air in terms of void fraction in saltwater, but similar dimensionless bubble count rates associated with smaller mean chords in saltwater. A comparison between saltwater (series C) and ocean seawater (series B) indicated significantly less entrained air, in terms of both void fractions and dimensionless bubble count rates, in seawater. Distributions of bubble chord sizes exhibited a marked reduction in largebubble numbers and smaller mean chord in seawater.
Application
Present results may be applied to the first few seconds of wave breaking (Figure 1 ). Laboratory studies of breaking waves may be affected by scale effects in terms of air entrainment when the jet impact conditions satisfy We 1 Ͼ 1,000 where We 1 is the Weber number at impact (paragraph 3.3). At plunging breakers, the jet impact velocity may be roughly estimated as ͙2gH b and the jet thickness is approximately 0.05H b where H b is the wave crest elevation at breaking measured above still water level (CHANSON and CUMMINGS, 1994) . This yields scale effects in laboratory for H b less than 0.3 to 0.35 m. That is, laboratory studies of wave breaking may underestimate air entrainment when the wave height at breaking is less than 0.3 m. Figure 1 illustrates a comparison between prototype plunging breakers ( Figure 1a ) and a laboratory study (Figure 1b) . In the latter, the breaking wave height was about 0.1 m and the writers observed comparatively lesser entrained air than in prototype. Note, however, that the present study was conducted with vertical circular jets, while, at plunging breakers, the plunging jet is quasitwo-dimensional and inclined to about 30Њ with the receiving surface (CHANSON and LEE, 1997) . More, it is an unsteady process.
In the present study, the physical properties of water that were considered in the dimensional analysis (Eq. [1]) were primarily the density, viscosity, and surface tension. For the investigated water solutions, the differences in water properties were small (Table 3 ) and they cannot explain nor justify the drastic reduction in air entrainment observed between saltwater and seawater. It is believed that Equation (1) is incomplete and that air entrainment at plunging jets is affected by further physical, chemical, and biological properties. The comparison between seawater and saltwater results suggested consistently differences in air entrainment process that cannot be explained by measurement errors or differences in salinity and conductivity, but which might be related to different biological and biochemical properties. The role of living organisms (e.g., plankton) cannot be ignored. For example, organic matter, ranging in sizes from one to a few hundred microns, might interact with microscale turbulence and bubbles, inhibiting some bubble entrainment; smaller particles might interact with small-scale turbulent eddies and small-size bubbles, in a similar fashion as stretched molecules of dilute polymers.
CONCLUSION
Air entrainment and bubble dispersion at vertical circular plunging jets were investigated for a range of flow conditions and water solutions (Table 2) . Detailed air-water measurements were performed systematically based upon a Froude similitude using a phase-detection intrusive probe.
The onset velocity V e was identical for freshwater, seawater, and saltwater for one experiment, and the results were comparable to previous studies. For jet velocities greater than the onset velocity, the distributions of void fraction in the developing flow region followed closely an analytical solution of the advection diffusion equation for air bubbles. In seawater, the air entrainment rate in terms of void fractions and volume flow rates was significantly less than in freshwater, all inflow parameters being equal. Air entrainment rates in saltwater were intermediate between seawater and freshwater results. Systematic differences between saltwater and seawater results suggest that surfactants and biological and chemical elements harden the induction trumpet and diminish air entrapment at impingement in seawater. In freshwater, a comparison between three similar experiments (d o ϭ 25, 12.5, and 6.8 mm) highlighted significant scale effects when We 1 Ͻ 1000 where We 1 is the inflow Weber number.
Distributions of chord lengths showed a broad range of entrained bubble chords from Ͻ0.5 mm to Ͼ10 mm for all water solutions. Comparatively, however, finer bubbles were detected in seawater than in freshwater. These fine bubbles (Ͻ0.5 mm chords) have a slower rise velocity, a larger underwater residence time, and they give a visual appearance suggesting inaccurately a predominance of very fine bubbles in seawater plunging jets.
Air entrainment at plunging jets differs between saltwater and seawater: i.e., less air volume and smaller bubbles are entrained in seawater. The results suggest that classical dimensional analysis (e.g., Eq. [1]) is incomplete and that air entrainment at plunging jets is affected by physical, chemical, and biological properties other than density, viscosity, surface tension, and salinity. Overall the study demonstrates that air entrainment in the sea is a complicated process that cannot be modeled accurately in small-size wave flumes with fresh water.
